Introduction
============

Melanoma, once less considered, has gained a sheer alertness due to its increased mortality rate over the period of 50 years.[@b1-ott-9-6445],[@b2-ott-9-6445] Metastatic dissemination of invasive tumors leads to death from melanoma.[@b3-ott-9-6445] Cutaneous melanoma originates from melanocytes, located in the epidermis at the basal layer, which produce melanin.[@b4-ott-9-6445] The melanoma cells project potential events such as inadequate progression of maturation, which causes cytologic atypia and manifests expansile cellular growth by arresting cells in cell cycle, variable host immune response, and aberrant interaction with the dermal environment.[@b5-ott-9-6445] Melanoma acquires cellular transformation and tumorigenesis through the metastatic cascade, which involves breaching of basement membrane barrier by epithelial--mesenchymal transition (EMT) along with extracellular matrix (ECM) remodeling (eg, proteinases MMP-9), dissociation of tumor cells, its invasion in the surrounding tissues, intravasation through blood or lymph vessels, extravasation of tumor cells arrested in the capillary bed, establishment of disseminated cells at the secondary site where they become capable of acquiring quiescence for a while, and finally outgrowth of micrometastases and macrometastases. However, a recent study states the presence of one more important step, named as premetastatic niche or step 0, which is created at the target site before the first tumor reaches the distinct location.[@b6-ott-9-6445] Transition to metastatic tumor involves mechanism akin to EMT. Out of the three types of EMT known, the first two types, namely, type I and type II are involved in embryogenesis and fibrosis, respectively, whereas the EMT involved in tumor progression is termed as type III EMT.[@b7-ott-9-6445] During EMT, the cells undergo three hallmark changes: first, epithelial cells gain mesenchymal markers (Vimentin); second, cytoskeleton modification occurs to obtain mesenchymal phenotypes; and third, they give up their polarity, adhesive nature, and epithelial markers (E-cadherin).[@b8-ott-9-6445] BRAF somatic missense mutations in melanoma cells cause upregulation of Snail, an inducer of metastasis, by downregulating the three pathways, namely, MAPK, NF-κB, and PI3K/AKT pathways, and hence tremendously induces EMT; \~66% of malignant melanoma shows such mutations.[@b3-ott-9-6445] Repression in an important cell adhesion molecule, E-cadherin, by Snail induces metastasis.[@b9-ott-9-6445] Such EMT-like mechanisms can also be induced by external signals such as collagen I, an ECM molecule.[@b10-ott-9-6445] α2β1 integrin and DDR1, the two receptors of collagen I, promote the downstream pathways that collectively upregulate N-cadherin expression,[@b11-ott-9-6445] and hence, collagen I increases invasiveness in melanoma cells, suggesting its possible application in understanding type III EMT. Once the cells undergo such metastatic cascade, the disease becomes incurable and chemotherapeutic drugs prove futile to stop the progression of the disease and the patient experiences long-term side effects. In such cases, chemoprevention concept is emphasized to prevent, inhibit, or reverse carcinogenesis by using natural health products as complementary and alternative medicines (CAMs).[@b12-ott-9-6445] Evidence shows that a high consumption of dietary compounds from fruits and vegetables is inversely correlated with the incidence of some cancers.[@b13-ott-9-6445]--[@b15-ott-9-6445] Polyphenols, largely flavonoids, are the most explored dietary compounds because they are the basis of world diet and are potentially nontoxic molecules. One such flavonoid quercetin (Qu) has been reported to exert cancer-preventive effects such as antioxidant,[@b16-ott-9-6445] antiproliferation,[@b17-ott-9-6445] cell cycle arrest,[@b18-ott-9-6445] and apoptotic activities,[@b19-ott-9-6445],[@b20-ott-9-6445] and hence it is also termed as chemopreventer.[@b21-ott-9-6445] Natural food consumables such as vegetables (eg, onion), fruits (eg, apple), seeds, nuts, tea, and red wine substantially contain Qu.[@b22-ott-9-6445],[@b23-ott-9-6445] It has been observed that in nontransformed cells, Qu at a low concentration has little or no effect in inducing cell cycle arrest and/or causing apoptosis, but as the concentration becomes higher, it induces antiproliferative and proapoptotic effects.[@b24-ott-9-6445] Dissimilarly, in cancer cells, Qu exerts the same antineoplastic effect at low concentrations; for example, Qu at the concentration of 3.5 μM induces anticancer effect in B16-BL6 murine melanoma cell line,[@b25-ott-9-6445] thus proving its aptness as a CAM. The present study involves understanding the antigrowth and antimetastatic potential of Qu on highly metastatic human melanoma cells wherein collagen I was used as an inducer of EMT.

Materials and methods
=====================

Cell culture and Qu treatment
-----------------------------

SK-MEL-28 human melanoma cell line purchased from the National Centre For Cell Science, Pune, India, was maintained in high glucose Dulbecco's Modified Eagle's Medium with 10% fetal bovine serum and additionally supplemented with 2 mM L-glutamine, 100 U/mL penicillin and l00 μg/mL streptomycin antibiotic solution, and 1.5 g/L sodium bicarbonate in humidified incubator at 37°C, 95% air, and 5% CO~2~ and grown as a monolayer in plastic tissue flasks, according to the recommendation of the American Type Culture Collection. SK-MEL-28 cell line under exponential growth phase was exposed to varying concentrations of Qu for varying periods of time depending upon the experimental requirement. Subdued lighting was used in all experimental protocol related to the drug so as to prevent photoisomerization.

Collagen I-coated wells preparation
-----------------------------------

Collagen I stock solution of 3.0 mg/mL was diluted to 50.0 μg/mL with sterile 1× phosphate-buffered saline (PBS) on ice. For collagen I coating, a monolayer of diluted collagen I solution was applied to the 100 mm plastic dishes, 18 mm cover slips, 96-well plates, and 12-well plates under sterile condition and allowed to settle for 3--4 hours in a laminar hood followed by 24 hours of incubation at 37°C for the polymerization of the gel. After a fine layer of collagen I coat was formed, the cells were directly seeded on it.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
------------------------------------------------------------------

SK-MEL-28 cells in log phase were trypsinized using trypsin/ethylenediaminetetraacetic acid solution, and the cell pellet was resuspended in a fresh 1 mL of complete Dulbecco's Modified Eagle's Medium. In all, 1.0×10^4^ cells/well were seeded in 96-well plates and were placed in a CO~2~ incubator for 24 hours. The next day, the cells were exposed to varied concentrations of Qu (5--70 μM). Following 24 hours of incubation, the medium containing Qu was discarded and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed to determine the half maximal inhibitory concentration (IC~50~) value for Qu. Briefly, the medium containing Qu was discarded followed by addition of 50 μL of 1 mg/mL MTT in the treatment wells. The culture plate was incubated in a CO~2~ incubator (dark condition) for 3--4 hours until a purple precipitate was visible. The formazan crystals were solubilized using 0.1 N acidified isopropanol (isopropanol + HCl) by thoroughly mixing the cell suspension. The plate was read on an enzyme-linked immunosorbent assay microplate reader at 570 nm.

Morphology assay
----------------

### Morphology on different matrices

In all, 1.0×10^4^ SK-MEL-28 cells were seeded on cover slips containing plastic and collagen I matrices in a 35 mm culture plate, and cell morphology was observed at different time intervals up to 48 hours under a light microscope and imaged. Subsequently, the cells treated with 50 μM Qu concentration were also visualized to observe the morphological changes and imaged at the same time interval as that of control cells. Morphology was compared between collagen I and/or Qu-treated and Qu-untreated cells along with plastic and/or Qu-treated and Qu-untreated cells.

### Change in morphology

A total of 1.0×10^4^ cells/well were seeded in 96-well plates on collagen I-coated matrix to observe the morphological difference of cells due to change in matrices and to check if the morphology of the cells coated on collagen I matrix was reversible. After 48 hours of incubation of cells in serum-containing medium, a confluent monolayer of cells on the collagen I- coated matrix was partially removed, by using a sterile 20 μL pipette tip, to expose SK-MEL-28 cells to the plastic matrix. The cells were allowed to grow again, and the images were captured at several time intervals to observe the change in the morphology of the cells due to change in matrices.

Cell proliferation assay
------------------------

SK-MEL-28 cells growing logarithmically were seeded in 96-well plates on both plastic and collagen I-coated matrices at the density of 1.0×10^4^ cells/well. In all, 24 hours post-incubation in a CO~2~ incubator at a standard temperature, Qu treatment (50 μM) was given for 24 hours and 48 hours. Following the treatment, the medium containing Qu was discarded and cell proliferation rate was measured using MTT assay as described earlier. The % proliferation graph was plotted for both the matrices. The experiment was repeated in triplicates.

Cell adhesion assay
-------------------

The adhesion property of SK-MEL-28 cells cultured on plastic and collagen I-coated matrices was compared by seeding 2.0×10^5^ cells/well in 24-well plates. Following 3 hours of incubation in a CO~2~ incubator, the medium was discarded and the cells were given a gentle wash with sterile 1× PBS to remove the unattached cells from the wells. Following this, the attached cells on matrices were imaged and the number of attached cells was counted on nine fields in each matrix. A graph was plotted between the number of attached cells per field against plastic and collagen I-coated matrices.

In vitro wound healing migration assay
--------------------------------------

Logarithmically growing SK-MEL-28 cells were plated in plastic and collagen I-coated 12-well plates at a density of 2.0×10^5^ cells/well until confluent, in order to evaluate the changes in the migratory behavior of cells due to collagen I and Qu. A continuous monolayer was allowed to be formed in the wells. After a monolayer was obtained, cells were serum starved overnight. The next day, the monolayer was wounded by manual scratching using a sterile 20 μL pipette tip, the cellular debris was removed by giving a gentle wash with complete medium to obtain a cellular line per well, and fresh medium was added, which served as the negative control. The medium containing Qu (50 μM) was added to the cells of the treatment group, which served as the positive control. Photographs were taken at 0 hour for both the groups at 10× magnification using a light microscope. Then, cells were incubated at a standard condition, and images of the scratch part were captured at regular intervals until complete migration was observed in the denuded area. Three spots were considered on the two parallel lines, and the distance between them was measured in the images at 0 hour, 24 hours, and 48 hours to calculate the % migration rate of cells for both plastic and collagen I-coated matrices, using the formula:[@b26-ott-9-6445] $$\%\text{migration~rate} = \frac{\text{Average~distance~between~scratch}\ \left( {\text{day}0} \right) - \text{Average~distance}}{\text{Average~distance~between~scratch}\ \left( {\text{day}0} \right)} \times 100$$

In vitro chemotactic invasion assay
-----------------------------------

The influence of the chemotactic invasion property of collagen I as an ECM protein on the metastatic behavior of SK-MEL-28 cells was studied on agarose spots. In all, 15 mg of low melting point agarose was mixed with 3 mL of 1× PBS to make 0.5% of agarose solution. The solution was heated in the cell culture hood until boiling to facilitate dissolution. The solution was cooled to 40°C, and immediately 90 μL of agarose solution was pipetted out and 10 μL of PBS with and without collagen I was added. Sterile cover slips were placed in three 35 mm glass-bottomed culture dishes, and three spots of agarose (10 μL each) were placed on each cover slip for each experimental setup. Three experimental setups were prepared: one set containing agarose and PBS spots, second set containing agarose and collagen I spots, and third set containing agarose and collagen I with Qu spots. The spots were cooled at 4°C for 5 minutes and transferred to a 35 mm culture dish where SK-MEL-28 cells were seeded in the presence of complete medium. The culture dishes were then incubated for 24 hours in a CO~2~ incubator, and the spots were checked for the occurrence of invasion of cells into the spots. Images were captured by a light microscope, and based on that, the number of migratory cells in spots and the distance that the cells traveled through the spots were calculated for all the three experimental conditions and graphs were plotted for the same. An average of nine spots for each experimental condition was considered.[@b27-ott-9-6445]

Real-time reverse transcription polymerase chain reaction
---------------------------------------------------------

A total of 2.0×10^5^ cells/well were seeded in 24-well plates. Qu treatment was given to the cells for 24 hours and 48 hours. Following treatment, TRIzol reagent was used to extract total RNA. RNA samples were quantified using NanoDrop spectrophotometer ND 2000 (Thermo Fisher Scientific, Waltham, MA, USA). RNA concentration used for reverse transcription was 2 μg/20 μL. cDNA was synthesized following manufacturer's instructions of High-Capacity cDNA Reverse Transcriptase kit. Sealed 96-well polymerase chain reaction (PCR) plates were used to perform real-time PCR on cDNA samples prepared along with SYBR Green™ PCR Master Mix. The samples were analyzed using StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific). The ∆∆*C*~t~ method was used to calculate the relative fold change of the transcript.[@b28-ott-9-6445] Glyceraldehyde-3-phosphate dehydrogenase was considered as the endogenous expression standard.

Cell cycle analysis by flow cytometry
-------------------------------------

In all, 1.0×10^6^ cells were synchronized in 100 mm culture dishes by blocking their metabolic reaction. Cells were nutritionally deprived for 24 hours by eliminating serum from their culture medium. Following serum starvation, the cells were treated with Qu (50 μM), in the presence of complete medium, for 24 hours and 48 hours. Following treatment, adherent and floating cells were collected together through trypsinization and centrifuged to pellet down the cells. The cell pellet was washed with ice-cold 1× PBS, fixed with 0.2 mL of chilled 70% ethanol, and incubated for a minimum of 45 minutes at −80°C. The cells were rehydrated by discarding ethanol and resuspending in 0.2 mL of ice-cold 1× PBS. The cells were treated with 50 μL of RNase A (100 μg/mL) for 30 minutes at room temperature. After RNase A treatment, 450 μL of propidium iodide (PI; 50 μg/mL) was added and the cells were incubated for 1 hour at room temperature in the dark and the stained cell samples were analyzed using FACSCalibur™ flow cytometer (Becton Dickinson, San Jose, CA, USA). G0/G1, S, and G2/M phase populations were quantified using Cell Quest Pro software (BD Biosciences, USA). A total of 10,000 events were assessed.

Apoptosis induced by Qu
-----------------------

Caspases belong to cysteine proteases family and are the common downstream effectors of apoptosis; hence, they mediate cell death.[@b29-ott-9-6445] The Caspase 3 colorimetric assay was performed to check the caspase-mediated apoptosis induced on SK-MEL-28 cells by Qu. Cells in the log phase were seeded as per 1.0×10^6^ cells/flask and incubated for 24 hours in a CO~2~ incubator at 37°C followed by Qu treatment (50 μM) for 24 hours and 48 hours. After treatment, cells were lysed using lysis buffer and cell lysate was transferred to flat-bottomed 96-well plates and incubated with Ac-DEVD-p-nitroaniline, a Caspase 3 peptide substrate for 2 hours at 37°C. Caspase 3 activity was measured at 405 nm in a microplate reader as per manufacturer's instructions.

To confirm that Qu has proapoptotic potential, Annexin V-fluorescein isothiocyanate (FITC)/PI double-stained SK-MEL-28 melanoma cells were analyzed by a flow cytometer. About 1.0×10^6^ cells/flask were seeded and treated with Qu. Posttreatment, all the cells (floating and adherent) were collected together in staining tubes. After giving a PBS wash, the cells were resuspended in 1× Annexin-binding buffer. To each 100 μL of cell suspension, 5 μL of Annexin V-FITC and 1 μL of PI (100 μg/mL) were added according to manufacturer's instructions and the cells were incubated at 37°C for 15 minutes. In all, 400 μL of 1× Annexin-binding buffer was used to dilute the cells and they were immediately analyzed by flow cytometry for fluorescence emission at 530 nm (FL1) and \>570 nm (FL2). Totally, 10,000 events were assessed.

Statistical analysis
--------------------

All experiments were performed in triplicates. Data were expressed as mean ± standard error of the mean. Statistical analyses were performed using Student's *t*-test for comparison between treatment values and control values using Sigma plot 13.0 (SYSTAT software Inc., CA, USA). *P*\<0.05 was considered to be statistically significant. The significance level was defined as \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001.

Results
=======

Determination of IC~50~
-----------------------

The cytotoxic effect of Qu was checked on SK-MEL-28 cells. Cell viability was determined by incubating cells with various concentrations of Qu (0--70 μM), and MTT assay was performed. In all, 24 hours post-incubation with Qu, the IC~50~ value obtained for SK-MEL-28 cells was 50 μM, the concentration at which the cell survival rate was reduced to 49.88% as correlated to the control population. Cytotoxicity to cells was reported at the concentration \>60 μM. A dose-dependent decline in cell viability was detected ([Figure 1](#f1-ott-9-6445){ref-type="fig"}), thus suggesting that Qu has dose-dependent inhibitory effects on cell viability of SK-MEL-28 cells (n=3; *P*\<0.05).

Morphology assay
----------------

### Morphology on different matrices

The morphological variance of SK-MEL-28 cells was observed on plastic and collagen I-coated matrices along with Qu treatment under standard conditions. The cells cultured on different matrices for 48 hours were imaged (20× magnification) at regular intervals. The imaged photographs showed the difference in morphology of cells on different matrices. As shown in [figure 2Ai--iii](#f2-ott-9-6445){ref-type="fig"}, cells growing under the influence of collagen I matrix displayed a prominent feature of EMT by forming scattered and meshwork-like morphology, which has not been previously described for SK-MEL-28 cells. Upon Qu treatment at 24 and 48 hours, the cells seeded on collagen I matrix displayed apoptotic bodies ([Figure 2Aiv--vi](#f2-ott-9-6445){ref-type="fig"}). However, cells seeded on the plastic matrix showed polygonal morphology, attributed to its nature under normal conditions ([Figure 2Avii--ix](#f2-ott-9-6445){ref-type="fig"}). When these cells were exposed to the Qu for 24 and 48 hours, they exhibited circular distorted morphology ([Figure 2Ax--xii](#f2-ott-9-6445){ref-type="fig"}). Overall, in both plastic and collagen I matrices, after 24 hours, with increase in treatment time, the cells lost their adherence properties, and floating cellular debris was observed in the medium, indicating occurrence of apoptosis in the cells; after 48 hours of treatment, the cells displayed morphologi cal changes, characteristics of apoptosis, such as blebbing and reduction in cell volume and an increase in apoptotic bodies. Hence, Qu was observed to exert a time-dependent apoptotic effect. To understand if the morphological changes observed on collagen I matrix were reversible, the collagen I coat was partially removed from the 96-well plates and the cells were allowed to grow until confluence was achieved. It was observed that the meshwork of cells as grown on collagen I matrix ([Figure 2Bi](#f2-ott-9-6445){ref-type="fig"}) when later exposed to the plastic matrix ([Figure 2Bii](#f2-ott-9-6445){ref-type="fig"}) reverted to its normal polygonal morphology ([Figure 2Biii and iv](#f2-ott-9-6445){ref-type="fig"}) and grew similarly to the cells on the plastic matrix ([Figure 2Bv and vi](#f2-ott-9-6445){ref-type="fig"}). The images were captured after certain time intervals, which show cohesive cells grown in the scratched area surrounded by cell aggregate, hence indicating that collagen I acts as an inducer of EMT (n=3).

Cell proliferation assay
------------------------

SK-MEL-28 melanoma cells were treated with both plastic and collagen I-coated matrices to evaluate its antiproliferative effect, and the results were analyzed using MTT assay. After 24 hours and 48 hours of treatment, MTT assay was performed as mentioned earlier and the graph of % proliferation in comparison to the control cells was plotted ([Figure 3A](#f3-ott-9-6445){ref-type="fig"}). The graph depicts that the proliferation rate of the cells was remarkably reduced to 66.18% and 52.15% in the cases of collagen I-coated matrix and plastic matrix, respectively, post-24 hours of treatment. In the case of 48 hours of treatment, the reduction in the proliferation rate of cells was observed to be 26.30% and 21.81% for collagen I-coated matrix and plastic matrix, respectively, hence proving the antiproliferative activity of Qu in a time-dependent manner. The data collectively showed that regardless of an enhancement in the proliferation rate of SK-MEK-28 cells due to collagen I, Qu could ablate proliferation of cells.

Cell adhesion assay
-------------------

To understand if the alteration of matrices intervenes with the difference in the proliferation rate of SK-MEL-28 cells due to variance in their adhesion property on both collagen I and plastic matrices, the adhesion property of the cells was determined in 24-well plates. After three hours of incubation, the medium was discarded followed by removal of unattached cells by gentle wash with 1× PBS. Cell images were captured in nine different fields, and the attached cells were counted under microscope for both the matrices, ie, plastic and collagen I, and the graph of attached cells/field was plotted for each matrix. It was observed that the cells did not exhibit any significant difference in adhesion efficiency in different matrices, which could account for the different proliferation rates ([Figure 3B](#f3-ott-9-6445){ref-type="fig"}). Therefore, the growth modulation of SK-MEL-28 cells on both the matrices is independent of their adhesion properties (n=9).

In vitro wound healing migration assay
--------------------------------------

The migration potential of SK-MEL-28 cells was evaluated after intervention with Qu and collagen I. It was observed that the cells seeded on collagen I-coated matrix took 48 hours to achieve 100% confluence ([Figure 4Ai--iii](#f4-ott-9-6445){ref-type="fig"}), while at the same time on the plastic matrix the cells were loosely closed ([Figure 4Bi--iii](#f4-ott-9-6445){ref-type="fig"}). However, at 72 hours, the cells completely covered the denuded area (data not shown). The presence of collagen I caused faster migration of SK-MEL-28 across the matrix as compared to the plastic matrix, which indicates that the migration rate of SK-MEL-28 cells was induced by collagen I. The length between the two parallel scratch mark edges ([Table 1](#t1-ott-9-6445){ref-type="table"}) on the collagen I-coated matrix was 3.05±0.15 cm (0 hour) and 1.08±0.04 cm (24 hours), and there was complete closure of the gap at 48 hours. The length between the scratch mark edges on the plastic matrix was 2.89±0.09 cm at 0 hour, 2.13±0.08 cm at 24 hours, and 1.07±0.02 cm at 48 hours, and complete closure of the gap at 72 hours was observed. The % migration rate of cells for both the matrices was calculated as shown in [Table 1](#t1-ott-9-6445){ref-type="table"}, and the migration rate of cells on collagen I was found to be 64.36%±2.40% (24 hours) and 100% (48 hours). For the plastic matrix, the % migration rates obtained were 26.36%±4.59% (24 hours), 62.88%±1.61% (48 hours), and 100% (72 hours).

Upon treatment with Qu (50 μM), the cells presented a noticeable reduction in the migratory property on both the matrices, namely, plastic and collagen I. It was observed that 24 hours posttreatment with Qu, the cells showed distorted morphology on collagen I matrix ([Figure 4Ci and ii](#f4-ott-9-6445){ref-type="fig"}). There was an increase in apoptosis, and no migration was observed in the treated cells as compared to the untreated cells. At 48 hours ([Figure 4Ciii](#f4-ott-9-6445){ref-type="fig"}), complete cell death was observed along with cell debris floating on the medium. Similar phenomenon of distorted morphology was observed in the cells seeded on plastic matrix at 24 hours ([Figure 4Di and ii](#f4-ott-9-6445){ref-type="fig"}), and at 48 hours floating cell debris was observed ([Figure 4Diii](#f4-ott-9-6445){ref-type="fig"}), hence suggesting that Qu has a potential effect in reducing the migratory property of SK-MEL-28 melanoma cells and thus can help in reducing cancer metastasis. With Qu (50 μM), the length between scratch mark edges was 3.08±0.05 cm and 4.08±0.06 cm (0 hour) for plastic and collagen I matrices, respectively, and no closure of gap was observed in the subsequent period of incubation. Owing to loss of attachment property of cells after treatment, the denuded area displayed withdrawal of cells ([Table 2](#t2-ott-9-6445){ref-type="table"}). The distance between the two parallel scratch lines increased to 5.19±0.11 cm (24 hours) and 5.57±0.06 cm (48 hours) on the collagen I-coated matrix with a withdrawal rate of 29.97%±7.80% and 39.90%±5.86% for 24 hours and 48 hours, respectively. On the plastic matrix, the length between the scratch increased to 4.47±0.08 cm (24 hours) and 4.75±0.05 cm (48 hours) with a withdrawal rate of 44.89%±2.71% (24 hours) and 53.93%±4.19% (48 hours). The results indicate that Qu has significant antimigratory activity on the proliferation of SK-MEL-28 cells.

In vitro chemotactic invasion assay
-----------------------------------

SK-MEL-28 cells showed faster migration rate on collagen I-coated matrix compared to plastic matrix, and to understand the mechanism driving this faster migration rate, in vitro agarose spot chemotactic invasion assay was performed. Briefly, three experimental conditions were considered using agarose spots. In the experimental condition 1, ie, agarose spot with PBS, the cells showed no motility ([Figure 5Ai](#f5-ott-9-6445){ref-type="fig"}), which means no chemotactic invasion action was observed as no chemoattractant was present, and this condition served as the control. In experimental condition 2, which contained agarose spots with collagen I, the motility of cells was observed across the agarose spots, which showed the phenomenon of chemotactic invasion ([Figure 5Aii](#f5-ott-9-6445){ref-type="fig"}). In contrast, experimental condition 3, which contained agarose spots with collagen I and Qu (50 μM), showed reduction in the migration rate ([Figure 5Aiii](#f5-ott-9-6445){ref-type="fig"}), underlining that despite the influence of chemoattractant collagen I, which is also proved to be an inducer of EMT in SK-MEL-28 cells, Qu can induce antimigratory response. The collagen I-induced motility of cells was demonstrated by calculating the number of motile cells across the spots in all the three experimental condition setups; an average of nine spots was taken. The numbers of motile cells were found to be 0, 511, and 49.66 in spots with PBS, collagen I, and collagen I with Qu, respectively, indicating that Qu reduced the motility rate by approximately tenfold ([Figure 5B](#f5-ott-9-6445){ref-type="fig"}). Similarly, the distance traveled by the cells across the agarose spots was measured to be 0 cm, 3.37 cm, and 2.10 cm in the cases of PBS, collagen I, and collagen I with Qu spots, respectively ([Figure 5C](#f5-ott-9-6445){ref-type="fig"}). It can be determined from the images of experimental condition 2 and 3 that the cells remained attached to the cover slip and moved underneath the agarose spots rather than climbing on the top of it. It can thus be concluded that: 1) cells are on the same focal plane before and after entry into the agarose; 2) the line where the agarose starts is seen across the dorsal surface of the cells; and 3) the image contrast is markedly altered by the presence of the agarose on top of the cells.

Qu effectively reverses EMT modulators
--------------------------------------

To interpret the mechanism involved in Qu-directed E-cadherin suppression and prevention of EMT-like phenomenon in melanoma, the mRNA expression levels of epithelial markers (VCAM1, β-catenin, E-cadherin, ICAM1), mesenchymal markers (Vimentin, N-cadherin, MMP-9), and initiators of EMT-like transition (*SNAIL*, *SLUG*, *Twist*, *Survivin*, *Cyclin-D1*) were analyzed using quantitative PCR. The expression level of these markers under the effect of collagen I was also calculated in terms of relative fold change. As given in [Figure 6A and B](#f6-ott-9-6445){ref-type="fig"}, a significant upregulation in the expression of markers such as β-catenin, Vimentin, N-cadherin, SLUG, and Cyclin-D1 was observed in the presence of collagen I as compared to the plastic matrix ([Figure 6](#f6-ott-9-6445){ref-type="fig"}), which affirms the role of collagen I in triggering the phenotypical change in epithelial cells and inducing EMT. Through post-Qu treatment, a downregulation in the expression of these markers was detected on both the matrices ([Figure 6A, B, D, and E](#f6-ott-9-6445){ref-type="fig"}). Downregulation of transcripts such as Vimentin, N-cadherin, Twist, and SNAIL, posttreatment, signifies the importance of Qu in ceasing EMT progression. After treatment, an upregulation in the cell adhesion molecules, such as VCAM1, ICAM1, and E-cadherin, was observed, which indicates that Qu aids in maintaining the integrity of epithelial cells and prevents migration ([Figure 6C and F](#f6-ott-9-6445){ref-type="fig"}).

Effect of Qu on cell cycle progression
--------------------------------------

Cell cycle progression was determined for the time-dependent effect of Qu using flow cytometric analysis ([Figure 7A](#f7-ott-9-6445){ref-type="fig"}). Following treatment, SK-MEL-28 cells were observed to be arrested in the G2/M phase. As given in [Figure 7Ai](#f7-ott-9-6445){ref-type="fig"}, the untreated cells displayed 20.17% of cell population in the G2/M phase and 4.19% of cell population in the sub-G1 phase (apoptotic cells) after 24 hours of incubation, while in the treated cells, the percentage increased to 23.93% in the G2/M phase and 14.17% in the apoptotic phase ([Figure 7Aii](#f7-ott-9-6445){ref-type="fig"}). After 48 hours of treatment, the G2/M population exhibited an increase from 18.55% of control cells ([Figure 7Aiii](#f7-ott-9-6445){ref-type="fig"}) to 19.52% of treated cells, and as much as 8.33% of cell population was in sub-G1 phase/apoptotic phase ([Figure 7Aiv](#f7-ott-9-6445){ref-type="fig"}). An inverse correlation among the cell population of the G2/M phase and the cell population of the G0/G1 phase was observed ([Figure 7B](#f7-ott-9-6445){ref-type="fig"}).

Apoptosis induced by Qu
-----------------------

### Qu activates proapoptotic enzyme Caspase 3

The occurrence of cell death by the apoptotic pathway was verified by checking the availability of Caspase 3 in cell lysate. Qu-treated SK-MEL-28 cells were checked for Caspase 3 activity at 24 hours and 48 hours. The treated melanoma cells showed significant increase in Caspase 3 activity compared to the untreated cells, indicating apoptosis activation and thus validating all the previous results shown ([Figure 8A](#f8-ott-9-6445){ref-type="fig"}).

### Annexin V staining

Qu-treated SK-MEL-28 cells and untreated cells were harvested, and Annexin V-FITC/PI double-stained untreated and treated cells were investigated to calculate the percentage of hypodiploid cells (apoptotic cells) and diploid cells (nonapoptotic cells) using a flow cytometer. Ungated data were used to generate data plots ([Figure 8B](#f8-ott-9-6445){ref-type="fig"}). The lower right quadrant represents early stage apoptotic cells stained by Annexin V-FITC; the upper right quadrant represents late stage apoptotic cells as positive for both the stains. Necrotic cells are represented in the upper left quadrant, which is stained only by PI, and the unstained cells represented in the lower left quadrant are the live cells. At 24 hours, the untreated cells presented 0.68% of early stage apoptotic cells and 0.26% of late apoptotic cells. Upon treatment, these percentages increased to 5.96% for early stage apoptosis, and in the case of late stage apoptosis, the percentage remained almost the same. At 48 hours, the percentage of early stage apoptotic cells was 2.02% and that of late stage apoptosis was 0.42%, which after treatment increased to 14.44% for early stage apoptosis and 2.24% for late stage apoptosis. In summary, 50 μM of Qu treatment to cells affected their survival rate by inducing cell death through total apoptosis (lower right + upper right) by 6.22% (24 hours) and 16.68% (48 hours; [Figure 8C](#f8-ott-9-6445){ref-type="fig"}).

Discussion
==========

The chemoprevention concept that works in reducing or preventing the carcinogenesis through intervention with natural or biological agents for a long time is increasingly building up scientific interest in the area where standard chemotherapeutic drugs fail to control metastasis of cancer.[@b30-ott-9-6445] Epidemiological data show that lifestyle modification, which includes natural dietary factors, can effectively influence cancer probability.[@b31-ott-9-6445]--[@b33-ott-9-6445] Among the most basic dietary phytochemicals, Qu is widely studied as a chemopreventor, which acts by modulating several signaling pathways involved in processes such as cell proliferation, apoptosis, cell migration, and metastasis.[@b34-ott-9-6445] In this study, a time-dependent evaluation of the effect of Qu on the metastatic potential of SK-MEL-28 human melanoma cells was carried out. The study reports the IC~50~ of Qu on the SK-MEL-28 human melanoma cells. We observed that Qu at the concentration of \>50 μM was found to be cytotoxic. It was concluded that the dose of 50 μM was optimum for conducting further experiments using the SK-MEL-28 cell line. The interaction of the cells with different matrices, namely, plastic and collagen I, and the antineoplastic activity of Qu were investigated. Polymerized collagen I gel was used to mimic the type III EMT that is induced during tumorigenesis in cells. As a part of the study, cell behavioral properties, such as morphology, proliferation, adhesion, migration, invasion, and apoptosis, were also observed in response to collagen I. Collagen I has been previously reported for inducing EMT-like phenotype in various other cancer cell lines.[@b35-ott-9-6445] Our results show that SK-MEL-28 cells cultured on collagen I exhibited a meshwork-like morphology, which was found to be reversible when the cells were again exposed to the plastic matrix. Similar findings have been observed in human uterine leiomyoma smooth muscle cells cultured on fibrillar collagen-coated dishes.[@b36-ott-9-6445] Unlike the cells grown on the plastic matrix, the cells grown on collagen I matrix showed scattered behavior, which is typical to EMT-like phenotype.[@b35-ott-9-6445] Qu treatment promoted cell death, and it was found that this cell death was induced by apoptosis. Cells cultured on the collagen I matrix presented a higher proliferation rate similar to the plastic-coated dishes, which was again found to be consistent with the previously available data.[@b37-ott-9-6445] It was observed that the increase in cell proliferation rate on collagen I matrix was independent of the adhesive property of cells on different matrices. The data also showed that collagen I enhanced the migrating ability of the cells, which allowed them to reach complete confluence in the scratched area much faster than the cells cultured on the plastic matrix. Type-I collagen is the main collagen found in bones, skin, tendon and newly healed wounds.[@b38-ott-9-6445] When disruption of tissue occurs due to any injury, collagen I repairs the defect and regains its structure and function,[@b39-ott-9-6445] which agrees with our results obtained. By mimicking such in vivo cell migration phenomenon in vitro, it was found that Qu has the potential to suppress the migratory phenotype of SK-MEL-28 cells. Our experiment further demonstrated that collagen I acted as a chemotactic stimulus for SK-MEL-28 cells, which played a role in the faster migration rate of cells on the collagen I matrix. The number of cells and their mortality across the spots was significantly higher in the presence of chemoattractant collagen I, thus suggesting that chemoattractant property of collagen I has ability to influence cells' migratory behavior. The mechanism observed was similar to how collagen I acts as a chemoattractant for human fibroblasts in vivo to repair damaged tissue.[@b40-ott-9-6445] As a part of the multistage metastatic process, cell matrix invasion is the chief phase.[@b41-ott-9-6445] Our data revealed that Qu inhibited the SK-MEL-28 cell invasiveness in vitro, which underlines that its anti-invasive activity is a preeminent mechanism that prevents metastasis. Another hallmark event in the progression of metastasis is the shedding of cell adhesion molecules such as E-cadherin[@b42-ott-9-6445] and β-catenin.[@b43-ott-9-6445] Repression in the expression of E-cadherin involves transcription factors, namely, SNAIL/SNAI1, SLUG/SNAI2, and Twist.[@b44-ott-9-6445] Our data of EMT modulators evince that after treatment with Qu, there was downregulation of factors such as Cyclin-D1, N-cadherin, Slug, Snail, Survivin, Twist, and Vimentin (E-cadherin repressors), where as an upregulation in E-cadherin, MMP-9, ICAM1, and VCAM1 (epithelial markers) was recorded, suggesting that Qu has the ability to reverse the EMT induced in the cells and thus it can stop the metastasis of cells even under the influence of EMT inducer collagen I. A universal phenomenon demonstrated by cancer cells is the deregulation of cell-cycle progression.[@b45-ott-9-6445] During cell division, there are several checkpoints that act as surveillance. When DNA is damaged, the G1/S or G2/M checkpoint blocks cells, and hence, damaged cells are restored and their proliferation is prevented.[@b46-ott-9-6445],[@b47-ott-9-6445] In this study, Qu arrested the cells in the G2/M phase and thus inhibited the growth by disruption of cell-cycle progression. The mechanism that governs this process is yet to be systematically researched. Inhibition of tumor growth by phytochemicals incorporates a mechanism that involves apoptosis.[@b48-ott-9-6445] Our study reports that Qu brings about time-dependent apoptosis in EMT-induced melanoma cells as confirmed by Annexin V-FITC/PI assay, which is similar to other reports wherein Qu has been shown to mediate apoptosis through the p38-directed signaling pathway.[@b19-ott-9-6445] One of the mechanisms to induce apoptosis is through the intrinsic pathway controlled by mitochondria[@b49-ott-9-6445] where it activates the caspase cascade.[@b50-ott-9-6445] Caspases, members of the cysteine proteases family, act as executioners of apoptosis.[@b51-ott-9-6445] Caspase 3 further activates Caspase 8 and Caspase 9 and mediates apoptosis. In our study too, upon treatment on melanoma cells, an increase in Caspase 3 was observed, which highlights one of the mechanisms adopted by Qu for inducing apoptosis.

Conclusion
==========

Qu has promising effects on the inhibition of growth, invasion, and metastatic potential of melanoma and can be used as a CAM in chemoprevention or as a combination therapy after determining its properties in vivo.
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![Dose-dependent effect of Qu on SK-MEL-28 cell viability.\
**Notes:** Cells were exposed to varied concentrations of Qu for 24 h. Posttreatment MTT was performed, and absorbance was measured at 570 nm (n=3; \**P*\<0.05).\
**Abbreviations:** Qu, quercetin; h, hours; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.](ott-9-6445Fig1){#f1-ott-9-6445}

![Collagen I and Qu influenced the normal morphology of SK-MEL-28 cells.\
**Notes:** (**A**) SK-MEL-28 cells exhibit morphological variance on different matrices. The cells were cultured on plastic and collagen I-coated cover slips in 35 mm culture plates with and without Qu. After 24 h and 48 h of treatment period, the cells were imaged. (**B**) A change in the matrix type reverses morphology of SK-MEL-28 cells. The cells were seeded on collagen I-coated matrix for 48 hours and imaged. After 48 h, the collagen I coating of a well containing a confluent monolayer of cells was partially removed and the cells were allowed to grow until the denuded area achieved confluence. Images were captured at several time points (n=3). All images were captured at 20× magnification.\
**Abbreviations:** Qu, quercetin; h, hours.](ott-9-6445Fig2){#f2-ott-9-6445}

![(**A**) Effect of collagen I and Qu on SK-MEL-28 cell proliferation. The cells cultured on both the matrices were treated with 50 μM Qu for 24 h and 48 h, and MTT was performed. Statistical significance for all comparisons is indicated by asterisks (n=3; \*\*\**P*\<0.001, \**P*\<0.05). (**B**) The cell growth is independent of cell adhesion property on different matrices. The cells were seeded on plastic and collagen I-coated matrices. After 3 hours of seeding, the cells were gently washed with 1× PBS. The images were captured, and the number of attached cells was counted per field (n=9).\
**Abbreviations:** Qu, quercetin; h, hours; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PBS, phosphate-buffered saline.](ott-9-6445Fig3){#f3-ott-9-6445}

![Wound healing potential of SK-MEL-28 cells on different matrices.\
**Notes:** A confluent monolayer of cells was manually scratched with a sterile 20 μL pipette tip, gently washed with complete medium, and further incubated until confluence was regained. Images were taken at 0 h, 24 h, and 48 h of incubation with and without 50 μM Qu treatment. (**A**) and (**B**) Control cells on collagen I and plastic matrices, respectively. (**C**) and (**D**) Cells treated with Qu on collagen I and plastic matrices, respectively. The arrows indicate the distance between two parallel scratch mark edges. All images were captured at 20× magnification.\
**Abbreviations:** h, hours; Qu, quercetin.](ott-9-6445Fig4){#f4-ott-9-6445}

![Collagen I mediated chemotaxis of SK-MEL-28 melanoma cells.\
**Notes:** (**A**) Spots containing PBS, collagen I, and collagen I with Qu were plated onto the cover slips in Petri dishes. Following 24 hours of incubation, the cells were imaged (n=9). (**B**) The number of motile cells was counted across the spots (**C**), and the distance travelled by them was calculated (n=9; \*\*\**P*\<0.001).\
**Abbreviations:** PBS, phosphate-buffered saline; Qu, quercetin; h, hours.](ott-9-6445Fig5){#f5-ott-9-6445}

![Analysis of EMT regulators.\
**Notes:** Total RNA extracted from SK-MEL-28 cells pre- and posttreatment with Qu was used for cDNA synthesis. The gene expression level was analyzed by SYBR green-based real-time qPCR. Data are expressed as fold change between Qu-treated and control cells on both collagen I matrix (**A**--**C**) and plastic matrix (**D**--**F**; n=3) at 24 h and 48 h. Statistical significance for all comparisons is indicated by asterisks. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.\
**Abbreviations:** EMT, epithelial--mesenchymal transition; Qu, quercetin; qPCR, quantitative polymerase chain reaction; h, hours; ns, not significant compared to control.](ott-9-6445Fig6){#f6-ott-9-6445}

![Cell-cycle arrest induced by Qu.\
**Notes:** (**A**) Qu-treated cells were harvested, washed with PBS, and stained with PI to identify G0/G1, S and G2/M phase populations using flow cytometry. (**B**) A graph depicting the percentage of cells in different phases of cell cycle (n=3).\
**Abbreviations:** Qu, quercetin; PBS, phosphate-buffered saline; PI, propidium iodide; h, hours; ns, not significant compared to control.](ott-9-6445Fig7){#f7-ott-9-6445}

![(**A**) Proapoptotic effect of Qu on SK-MEL-28 cells. Following treatment, the cells were lysed and incubated with Caspase 3 peptide substrate Ac-DEVD-pNA for 2 h at 37°C. The Caspase 3 activity was measured in micromoles of pNA released per minute per milliliter of cell lysate at the absorbance 405 nm (n=3; \**P*\<0.01, \*\*\**P*\<0.001). (**B**) Flow cytometric analysis of apoptosis induced by Qu: Qu-treated cells were harvested, washed with PBS, and doubled-stained with Annexin V-FITC/PI to analyze the population undergoing apoptosis. Images provided are representative of experiment run in triplicates. (**C**) A graph representing % apoptosis of the cell population in SK-MEL-28 human melanoma cells (n=3).\
**Abbreviations:** Qu, quercetin; pNA, p-nitroaniline; h, hours; PBS, phosphate-buffered saline; FITC, fluorescein isothiocyanate; PI, propidium iodide; OD, optical density; ns, not significant compared to control.](ott-9-6445Fig8){#f8-ott-9-6445}

###### 

Effect of Qu on in vitro scratch assay using SK-MEL-28 melanoma cells

  Matrix type       Sample type                                                Length between the two parallel scratch mark edges (cm)                                                                                                                          
  ----------------- ---------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ----
  Collagen matrix   Control                                                    3.05±0.15[\*\*\*](#tfn2-ott-9-6445){ref-type="table-fn"}   1.08±0.04[\*\*\*](#tfn2-ott-9-6445){ref-type="table-fn"}   CC[\*\*\*](#tfn2-ott-9-6445){ref-type="table-fn"}          
  Treatment         4.08±0.06[\*\*\*](#tfn2-ott-9-6445){ref-type="table-fn"}   5.19±0.11[\*\*\*](#tfn2-ott-9-6445){ref-type="table-fn"}   5.57±0.06[\*\*\*](#tfn2-ott-9-6445){ref-type="table-fn"}                                                              
  Plastic matrix    Control                                                    2.89±0.09[\*](#tfn3-ott-9-6445){ref-type="table-fn"}       2.13±0.08[\*\*\*](#tfn2-ott-9-6445){ref-type="table-fn"}   1.07±0.02[\*\*\*](#tfn2-ott-9-6445){ref-type="table-fn"}   CC
  Treatment         3.08±0.05[\*](#tfn3-ott-9-6445){ref-type="table-fn"}       4.47±0.08[\*\*\*](#tfn2-ott-9-6445){ref-type="table-fn"}   4.75±0.05[\*\*\*](#tfn2-ott-9-6445){ref-type="table-fn"}                                                              

**Notes:** Values are represented as mean ± SD; n=3.

*P*\<0.001,

*P*\<0.05.

**Abbreviations:** Qu, quercetin; h, hours; CC, complete confluency.

###### 

Calculation of % migration and % withdrawal rates of SK-MEL-28 cells posttreatment with Qu

  Matrix type       Sample type   \% migration rate of cells   \% withdrawal rate of cells                                                                                                                                                           
  ----------------- ------------- ---------------------------- --------------------------------------------------------- ------------------------------------------------------- ----- --- --------------------------------------------------------- -----------------------------------------------------------
  Collagen matrix   Control       0                            64.36±2.40[\*\*](#tfn7-ott-9-6445){ref-type="table-fn"}   100[\*\*\*](#tfn8-ott-9-6445){ref-type="table-fn"}                                                                          
                    Treatment                                                                                                                                                          0   29.97±7.80[\*\*](#tfn7-ott-9-6445){ref-type="table-fn"}   39.90±5.86[\*\*\*](#tfn8-ott-9-6445){ref-type="table-fn"}
  Plastic matrix    Control       0                            26.36±4.59[\*\*](#tfn7-ott-9-6445){ref-type="table-fn"}   62.88±1.61[\*](#tfn6-ott-9-6445){ref-type="table-fn"}   100                                                                 
                    Treatment                                                                                                                                                          0   44.89±2.71[\*\*](#tfn7-ott-9-6445){ref-type="table-fn"}   53.93±4.19[\*](#tfn6-ott-9-6445){ref-type="table-fn"}

**Notes:** Values are represented as mean ± SD; n=3.

*P*\<0.05,

*P*\<0.01,

*P*\<0.001.

**Abbreviations:** Qu, quercetin; h, hours.
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